Based on a newly constructed Ni-Zr potential, Molecular dynamics and Monte Carlo simulations predict the amorphization driving force for each alloy and pinpoint the optimized value of 40 at% Zr. Through a variety of local structural analysis methods, it is revealed that Ni x Zr 100Àx MGs exhibit a combination of icosahedral-, fcc-and hcp-like configurations, while the icosahedra or distorted icosahedra cover a dominant fraction. Interestingly, the lower-CN clusters, such as h0,2,8,1i, may play a significant role in atomic mobility, while the icosahedron is less sensitive to the faster mobility.
Introduction
Understanding the relationship between local atomic structures and mechanical behaviors in metallic glasses (MGs) is of vital importance for current applications and emerging technologies. [1] [2] [3] [4] [5] [6] There is increasing evidence to suggest that the deformation behavior of MGs is driven by the cooperative organization of irreversible rearrangements of small dynamical clusters, which are triggered by the nonlocal redistribution of elastic stress. [7] [8] [9] The sequence of such plastic events can contribute to an avalanche process characterized by a power-law scaling of the average stress or energy drop with system size.
10,11
In addition, the local atomic-level structure of MGs varies from site to site due to their intrinsic structure. The spatial connectivity and various kinds of local structural motifs in MGs signicantly inuence the mechanical response of the macroscopic sample under loading. In this case, the structural heterogeneity necessarily contributes to the mechanical heterogeneity, and this structural-mechanical heterogeneity still remains a mystery and needs further insightful research.
In practical applications, service conditions that introduce cyclic variations in stresses are inevitably involved, and the resistance of MGs to the onset and progression of localized deformation under cyclic loading has attracted considerable scientic and technological interests. 12, 13 Due to the small length scales and short time scales, the atomic-scale processes underlying shear localization under cyclic deformation are difficult to study experimentally. Meanwhile, atomistic simulations, particularly Molecular dynamics (MD), are playing a signicant role in elucidating the structure of MGs and monitoring the evolution of the atomic structure during mechanical deformation. It is well accepted that icosahedra or distorted icosahedra are important local structural motifs for the dynamical slowdown in metallic supercooled liquids, stability of supercooled liquids against crystallization, and formation of metallic glasses.
14 For example, the enhanced full icosahedral ordering with increasing Cu content in Cu-Zr models matches hand in hand with the appropriate composition ratios and bond types, and these chemical, topological and kinetic structural effects lead to the higher resistance to shear transformations and hence also reduce the propensity for plasticity. 15 Although Ni and Cu are neighbors in the periodic table and have many similarities, there is so far little or no atomic-level understanding of the structural-mechanical properties in Ni-Zr MGs under cyclic deformation.
In the present work, Molecular dynamics (MD) and Monte Carlo (MC) simulations are applied to study the local atomic structure characteristics, and their effect on the mechanical properties of the Ni-Zr MGs was further explored. The paper is organized as follows: based on the newly proposed potential, the local atomic structure of Ni-Zr binary alloys was quantitatively determined in terms of the pair-correlation functions, static structure factor S(q), 16 Honeycutt-Andersen pair analysis, 17 coordination number, Voronoi tessellation method 18 and cluster alignment method. 19 In addition, the recently proposed molecular dynamics simulation of dynamic mechanical spectroscopy (MD-DMS) was used to analyze the internal friction (IF) characteristics, which are responsible for the transport and damping properties of amorphous materials. We attempt to provide an explicit picture of the local atomic structures in Ni-Zr MGs and to further clarify the structure-property relationship.
Method and model

Molecular dynamics (MD) and Monte Carlo (MC) simulations
In practice, the process of producing metallic glass always occurs under non-equilibrium conditions, and the related kinetic conditions are extremely restricted. As a result, the phase competing against the amorphous phase is the solid solution with one of the three simple structures, i.e. fcc, hcp, or bcc. Recent studies have revealed that there exists no pronounced differences in the local atomic structure and mechanical behaviour between solid-state amorphization and liquid melt quenching (LMQ) production methods.
20
Applying the newly constructed long-range empirical NiZr potential, 21 
At a given temperature, the MD-DMS was performed under a constant number, volume and temperature (NVT) ensemble during the cyclic deformations.
23,24 2.3 Cluster alignment method
A recently developed order-mining scheme, i.e. an atomic cluster alignment method, has been adopted to identify and characterize not only the short-range but also medium-range structural order in metallic liquids and glasses. [25] [26] [27] In this method, one cluster is xed as a template and aligned with other clusters by rigid translation and rotation to minimize the overall mean square distances between the atoms in different clusters. In the present work, a cluster around the Ni atoms is extracted from the snapshot and aligned against an ideal bcc, fcc, hcp and ICO template. In order to describe the structural similarity between the template and the aligned cluster, an alignment score is dened as
wherer ic andr it are the atom positions in the aligned cluster and template, respectively and a is a coefficient to allow an appropriate scaling for the bond length in the templates. A smaller score indicates a higher similarity between the two independent cluster motifs. In order to achieve the global optimum alignment conguration, we adopted 2000 alignment runs with different random initial cluster rotations and obtained the minimum tting score to measure the structural similarity.
3 Results and discussion
Metallic glass formation of Ni-Zr alloys
The concept of glass-forming ability (GFA) is frequently related to the ease or difficulty of the ability to form glass, and this term can be understood in two distinct ways. Firstly, the glassforming ability can be considered as the frustration of crystallization during freezing of the liquid melt for a specic alloy. In practice, a few simple criteria have been proposed, such as the critical dosage D c , 29 the supercooled liquid region DT xg (¼T x À T g ) 30 and the new parameter g ¼ T x /(T g + T m ), 31 to describe the GFA of an alloy. Secondly, the glass-forming ability can be depicted as a competition between the crystalline and amorphous phases as an alloy composition function for a specic alloy system. In this case, the glass-forming range (GFR) is employed to indicate the composition range within which the amorphous phase is energetically favored to form.
32 Therefore, the GFA of an alloy system is quantitatively related to its GFR, i.e. the wider the GFR, the greater the GFA of an alloy system.
According to the simulation results of a Ni-Zr-Mo system, 33 the GFA/GFR of the Ni-Zr system is determined to be within 20-80 at% Zr as shown in Fig. 1 , matching well with the mechanical alloying experimental results of 17-76 at% Zr. 34 In addition, we dene the E am as the energy per atom of the Ni x Zr 100Àx amorphous phase, and E Ni and E Zr are the lattice energies of the Ni and Zr atoms in the ground state, 35 respectively. The formation energy DE am for the amorphous phase can be calculated in the MD simulations and is expressed by
In addition, a MC simulation was performed to compute the formation energy of the solid solutions, i. 
As a result, the formation energy difference between the amorphous phase and the solid solution can be expressed by
where DE am-s.s is dened as the amorphization driving force (ADF). It can be seen from Fig. 1 35 , within the glass-forming range of the NiZr system, were selected as the principle model.
Partial pair correlations and structure factor
At rst, the structural changes in the obtained Ni-Zr MGs are monitored using the pair-correlation function (PCF) g(r), which can provide valuable information of liquid and amorphous alloys. The total pair correlation function, g(r), could be obtained using the following formula:
where V and N are the volume of the calculated cell and the total number of atoms, respectively. The function d(t) equals one when À0.5 Dr < t < 0.5 Dr and equals zero otherwise, where Dr is the distance interval. Partial PCFs can be obtained by restricting the analysis to the specic elements involved. Using the atomic coordinates from the MD simulations at 300 K, the total and partial PCFs of the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs are displayed in Fig. 2 , indicating the amorphous nature of the three alloys. The average interatomic distance r ij can be determined from the position of the rst peak on the g ij (r) function. It can be seen that the g Ni-Ni (r) curves of the three alloys overlap around the highest peak with r ¼ 2.49 AE 0.02Å, while the rst peaks of the g Ni-Zr (r) and g Zr-Zr (r) curves shi to a larger distance of r ¼ 2.71 AE 0.02Å and 3.10 AE 0.02Å, respectively. It follows that the PCF peaks shi to a larger interatomic distance with the enrichment of Zr, considering the fact that Zr (r Zr ¼ 1.60Å) has a much larger atomic radius than Ni (r Ni ¼ 1.24Å). 35 Similar observations have also been obtained in Zr 2 Ni metallic glass at 300 K via X-ray diffraction (XRD) experiments and ab initio MD simulations.
36
In addition, the static structure factor S(q) is a quantity that can be directly measured by scattering experiments such as XRD and neutron diffraction (ND). The S(q) can be recognized as rm evidence to identify the amorphous phase and is calculated by 16 
SðqÞ
where i ¼ ffiffiffiffiffi ffi À1 p , b k is the scattering length, and q and r k are the scattering vector and the position vector of atom k, respectively. It should be noted that the S(q) calculated by eqn (8) is not normalized.
As shown in Fig. 3 , all of the peaks beyond the second peak for the S(q) curves of the Ni x Zr 100Àx MGs have smeared out, exhibiting a typical short-range ordered and long-range disordered feature. The prepeak for the S(q) curves in the reciprocal space marked by the arrow should correspond to a certain medium-range correlation in real space. 37 For comparison, the S(q) curve of the Ni 64 Zr 36 MGs obtained from the experimental XRD and ND for the nat Ni-containing samples are also shown in Fig. 3 . 28 Although some compositional differences exist, the simulated S(q) in the present study exhibits an acceptable match with the experimental ones regarding the height of the peaks and the overall shape of the curve, conrming the reliability of the atomistic structures generated from the solid-state amorphization.
Local atomic structure analysis
In the present work, 3D atomic models were used to analyze the local atomic conguration. Here we used the HoneycuttAndersen pair analysis, cluster alignment method, coordination number and Voronoi tessellation method to analyze the local structural order in the simulated Ni-Zr MG model.
To provide a microscopic picture of the structural origin for the Ni x Zr 100Àx MGs, Honeycutt-Andersen pair analysis was rst applied to characterize the topological short-range order (SRO). With the Ni concentration increasing, one can see from Table 1 that the fraction of the bond pairs with 1441 and 142 indices decreases, whereas the fraction of the bond pairs with 1551, 1541, 1431 and 1661 indices increases. Meanwhile, a large number of the icosahedral ordering 1551 index are found in the Ni x Zr 100Àx MGs, suggesting that the local vefold symmetry is indeed encouraged in metallic glasses. Besides, the distorted vefold bond pairs with 1431 and 1541 indices are dominant in these metallic glasses, covering a fraction of 32-38%. Moreover, the fcc-and hcp-like pairs with 1421 and 1422 indices cover a relatively larger fraction due to the original crystal structure, while only a small fraction of the bcc-like pairs with 1661 and 1441 indices are discovered in the Ni x Zr 100Àx MGs. It has been reported that the fcc or hcp arrangements are shown to minimize the system energy, because of the smaller binding energies than that of the icosahedral order.
38 Therefore, it is revealed that the local structures in the Ni x Zr 100Àx MGs exhibit a combination of icosahedral-, fcc-and hcp-like congurations.
To give more information, the local structure was quantitatively analyzed using a cluster alignment method. The distribution of the alignment score for the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs is plotted in Fig. 4 . The smaller the alignment score, the less deviation the aligned cluster has compared with the template. In this case, all of the MG samples exhibit better icosahedral order when compared with the bcc-, fcc-and hcplike congurations, as the distribution function gradually shis towards the lower values of the alignment score. In addition to the cluster alignment method and HoneycuttAndersen pair analysis, the coordination number and Voronoi tessellation method are also widely used to provide a more complete geometrical construction of the central atom in relation to the neighboring atoms. Specically, an envelope of a family of perpendicular bisectors between the central atom and all of the neighboring atoms constitutes the surface of a Voronoi polyhedron for the central atom, indexed by hn 3 , n 4 , n 5 , n 6 ,.i, where n i denotes the number of i-edged faces of the Voronoi polyhedron and Sn i is the total CN.
We present the overall CN distributions for the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs in Fig. 5(a) . It can be seen that the dominant clusters for these MGs are centered around CN ¼ 12.
As the Ni content increases, the total CN distributions in the MGs have undergone a noticeable decrease in the fraction of low-CN clusters, whereas an inverse trend is observed for high-CN clusters. This is mainly attributed to the fact that an increasing percentage of smaller Ni atoms are supposed to serve as solutes, which therefore favors higher CNs. To further investigate the local packing around each individual type of atom, the evolution of the CN distributions around the Ni and Zr atoms was analyzed and is shown in Fig. 5(b) and (c). It is revealed that the CNs of the Ni-centered clusters are centered around CN ¼ 11 and 12, while the CNs of the Zr-centered clusters are centered around high-CN clusters. For the Ni 65 Zr 35 MGs, the Ni atoms with dominant concentration are more likely to serve as solvents and also act as 'glue' for the glassy structure.
39 Therefore, it is plausible to expect that the Zr atoms could more readily adopt a favored local packing at their preference, while the Ni atoms would experience more exible local environments.
The populations of the dominant Voronoi polyhedra around the constituent elements for the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs were then calculated and are illustrated in Fig. 6(a), (b) and (c), respectively. One can see that the dominant polyhedra in the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs are h0, 0, 12, 0i, h0, 2, 8, 1i, h0, 2, 8, 2i and h0, 1, 10, 2i. It is well-known that the icosahedron h0, 0, 12, 0i has been widely considered as being responsible for reducing the total energy and stabilizing the glassy state. 36 In addition, the distorted icosahedra h0, 2, 8, 1i, h0, 2, 8, 2i and h0, 1, 10, 2i are also populated around Ni and Zr due to the fact that these clusters have 11-13 neighboring atoms and a high percentage of vefold-coordinated vertices, thus making them similar to icosahedra. The above analysis results match well with the cluster alignment method and Honeycutt-Andersen pair analysis, indicating that the icosahedra or distorted icosahedra have a rather high fraction in the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs.
Internal friction structure features
According to the cooperative shear model (CSM), 40, 41 the atoms that jump more than half of the distance to the average nearest neighbor govern the internal friction in the model MGs, and are dened as activating atoms in the present work. As shown in Fig. 7, the lower-CN clusters, such as h0,2,8,1i , occupy more of the population in the activating atoms and may play a signi-cant role in the atomic mobility. In order to further illustrate the relationship between the activating atoms and the local atomic structure, the perspective view and corresponding cluster alignment score of the activating atoms in the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs at 900 K and f u ¼ 1 GHz aer 20 cycle deformations are presented in Fig. 8 . It is found that the lower the Ni concentration, the higher the concentration of the activating atoms, and vice versa. This may be understood in the view of the coordination distribution. It can be seen from Fig. 5 that the Ni 65 Zr 35 MGs prefer the lower-CN clusters, which are prone to move faster with a smaller size and number of atoms. Compared with the bcc, fcc and hcp congurations, the activating atoms prefer the icosahedra order due to the lower value of the cluster alignment score as shown in Fig. 8(d)-(f) . A cutoff alignment score of 0. 15-0.16 , where the population is close to the rst peak of the icosahedral order distribution for each alloy in Fig. 4 , was applied to collect icosahedral clusters for all the samples. Furthermore, the population of the icosahedral clusters for all atoms and activating atoms collected from Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs are displayed in Fig. 9 . By comparing the fraction of icosahedral clusters for all atoms and the activating atoms, there exists a large difference in the fraction for both groups, indicating that the icosahedron is less sensitive to the faster mobility. However, whether there exists the determined local atomic structure inuencing the atomic mobility still needs further insightful discussion.
Conclusions
Taking a long-range empirical Ni-Zr n-body potential as the starting base, Molecular Dynamics and Monte Carlo simulations not only pinpoint the glass forming range of the Ni-Zr system as 20-80 at% Zr, but also predict the amorphization driving force with the peak value of 40 at% Zr. The paircorrelation function g(r) and static structure factor S(q) curves of the Ni x Zr 100Àx (x ¼ 35, 50 and 65) alloys present a typical short-range ordered and long-range disordered feature. Furthermore, the obtained atomic structures have been characterized by the pair-correlation functions, static structure factor, Honeycutt-Andersen pair analysis, coordination number, Voronoi tessellation method and cluster alignment method. It is revealed that the Ni x Zr 100Àx (x ¼ 35, 50 and 65) MGs exhibit a combination of the icosahedral-, fcc-and hcp-like congurations, while the icosahedra or distorted icosahedra cover a dominant fraction. Interestingly, the lower-CN clusters, such as h0,2,8,1i, occupy more of the population in the activating atoms and may play a signicant role in the atomic mobility. By comparing the fraction of icosahedral clusters for all atoms and for the activating atoms, there exists a large difference in the fraction for both groups, indicating that the icosahedron is less sensitive to the faster mobility.
